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For sufficiently wide resonances, nuclear resonance fluorescence behaves like elastic photo-nuclear scattering 
while retaining the large cross-section characteristic of resonant photo-nuclear absorption. We show that NRF 
may be used to characterize the signals produced by low-energy nuclear recoils by serving as a novel source of 
tagged low-energy nuclear recoils. Understanding these signals is important in determining the sensitivity of 
direct WIMP dark-matter and coherent neutrino-nucleus scattering searches. 



PACS numbers: 95.35,+d, 95.55.Vj, 25.20.Dc 

Direct WIMP dark matter [ 1 1 and coherent neutrino- 
nucleus scatter (CNS) (2l[3 1 searches attempt to detect WIMPs 
and neutrinos respectively by measuring the energy they de- 
posit when scattering off nuclei in a detector. Understanding 
the way recoiling nuclei distribute energy between scintilla- 
tion, ionization, and thermal motion as a function of recoil 
energy is required to define the sensitivity of these rare event 
detectors. For this purpose the scintillation efficiency (i c //) 
and ionization yield (I.Y.) of nuclear recoils have been re- 
ported in candidate detector materials (see Table [I}. Of the 
reported measurements, only two lfTTl [T2| have probed recoils 
below one keV, the energy range is the most important to CNS 
searches |2] [13] Q4) . Moreover, though the energy domain be- 
low a few keV is currently inaccessible in most current WIMP 
searches, an improved understanding of detector sensitivity in 
this domain could have significant benefits for setting exclu- 
sion limits on WIMPs lfT31 IT61 . 

It is therefore desirable to experimentally measure the sig- 
nals produced by nuclear recoils at energies below a few keV. 
The lowest recoil energy reported |[T2l made use of the nuclear 
recoil accompanying an (n,y) interaction. This approach is 
hampered by the limited choice of y-emitting transitions in the 
target material and is further complicated by additional energy 
deposition from secondary y-emission. Published measure- 
ments at higher recoil energies have employed elastic and in- 
elastic neutron scattering for nuclear recoil production. Those 
using the latter exploited several low-lying states in Ge iso- 
topes and measured the broadening of their relaxation result- 
ing from the (n,n') nuclear recoil for varying incident neu- 



TABLE I. Previously reported measurements of the relative scintil- 
lation efficiency (L e ff) and ionization yield (I.Y.) from low-energy 
nuclear recoils in candidate detector materials. 
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tron energies ll8l- FT0l . The measurements producing recoils 
with elastic neutron scattering may be split into two families; 
the first using mono-energetic neutrons incident on a target 
and detecting neutrons that scatter in the target at a known 
scattering angle, the second employ broad spectrum neutron 
sources and compare data with Monte Carlo simulations. For 
the purpose of exploring the domain below a few keV, using a 
mono-energetic neutron source and explicitly tagging the scat- 
tered neutron to identify recoil energy is preferable to mini- 
mize systematic uncertainty in the measurement. Extending 
measurements of this type to lower recoil energies may be ac- 
complished by either decreasing the incident neutron energy 
im . in which case prompt tagging of the scattered neutron 
becomes a challenge, or decreasing the neutron scattering an- 
gle. Both cases pose significant experimental challenges. 

In this paper, an alternative approach is presented by con- 
sidering elastic photo-nuclear scattering rather than elastic 
neutron-nucleus scattering. As in the neutron experiments the 
scattered photon may be detected at a known scattering an- 
gle, but with the added benefit of energy discrimination in 
the y-tagging detectors, at energies above radioactive back- 
grounds. The experimental viability of elastic photo-nuclear 
scattering, both nuclear Thomson and Delbriick, is limited by 
small cross-sections. The resonant photo-nuclear scattering 
process of Nuclear Resonance Fluorsescnce (NRF) does not 
suffer this limitation. The large cross-section and relatively 
large width (short lifetime) of some NRF states enable nu- 
clear recoils in the energy domain below a few keV to be- 
come accessible to detailed study by providing a novel source 
of tagged low-energy nuclear recoils. 

NRF describes the resonant absorption of a photon by a nu- 
cleus and the subsequent relaxation of the excited nucleus via 
y-emission. A detailed discussion of NRF can be found in 
ifTTll . The excited nucleus may decay through various allowed 
channels (Fi), but the branch (Fo) to the ground state will be 
the focus of this paper. Following photo-absorption, the ex- 
cited nucleus recoils with momentum equal to that of the inci- 
dent photon. Governed by the width (F) of the nuclear level, 
the excited nucleus exists for a finite lifetime (r = h/F) before 
relaxing, in this case via emission of a 'fluoresced' photon, 
again imparting recoil momentum to the nucleus. 

Approximating the energy of the incident and fluoresced 
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photons as the resonance energy (E r ), the momentum trans- 
ferred during NRF is simply 2£V sin(6>/2)/c, where 9 is the 
angle of fluorescence, relative to the direction of the incident 
photon, in the laboratory frame (see Fig. [TJ. Expressing this 
quantity in terms of kinetic energy, the energy of the nuclear 
recoil (£nr) resulting from NRF can be described in terms of 
the resonance energy (£, ), mass of the target nucleus (M), and 
the angle of fluorescence (9). 
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This description of final nuclear recoil energy is valid when 
the lifetime of the excited nuclear state is short enough that no 
momentum is transferred to the surrounding medium by the 
recoiling nucleus before photon emission. If this assumption 
is not met, the momentum transferred during NRF is shared 
by several atoms, introducing scattering before fluorescence 
(SBF) to the measurement. The fluoresced photon may still 
trigger data acquisition. The probability an NRF interaction 
will result in SBF, or FBS (fluorescence before scattering), is 
governed by the width of the NRF state, the atomic environ- 
ment of the target material, the mass of the target nucleus, and 
the resonance energy. If the mean free path of a nuclear re- 
coil in a given medium is I, the probability that the recoiling 
excited nucleus will relax before scattering (Pfbs) and thus 
create a single nuclear recoil with energy related to the angle 
of fluorescence is given by Eq. Q. 
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The mean distance a recoiling excited nucleus travels before 
fluorescence is described by L = E r -hc/ (f ■ Mc 2 ). In a simple 
fluid the mean free path may be approximated as t — (ncr) -1 
where n is the local number density and <x is the scattering 
cross-section. If the system is of greater complexity molecu- 
lar dynamics simulations may be employed to study the prob- 
ability of fluorescence before scattering. 

The general design of a measurement utilizing NRF to pro- 
duce nuclear recoils will consist of a photon beam incident on 
a detector sensitive to the signals produced by a nuclear recoil 
(see Fig. [TJ. The incident y-beam produces nuclear recoils 
in the target region of the detector via NRF, and energy re- 
solving y-detectors, placed at different angles of fluorescence, 
trigger data acquisition upon detection of resonance energy 
photons. Optimization of an experimental design must take 
into account selection of target resonances, characteristics of 
the y-beam, geometry and response of the detector, and the 
y-tagging detectors in order to maximize data collection rates. 

A suitable resonance must be selected in an abundant iso- 
tope of the target material of the detector by using Eqs. ( Tp l 
and verifying it has a large branching ratio to the ground state. 
Using only y's emitted during relaxation to the ground state is 
important in reducing background for two reasons. If a branch 
to an excited state is used, the energy of the fluoresced y is be- 
low beam energy, and can be mimicked by photons created by 
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FIG. 1. (color online) Proposed experimental setup illustrating a y- 
beam incident on a detector with active and inactive regions of a 
target material. A space-filling material is placed in the beam path 
to prevent attenuation of resonant photons in the inactive detector 
region. The detector is surrounded by an array of y-detectors for 
tagging NRF photons. Image proportions are not to scale. 



background processes, resulting in false triggers. Addition- 
ally, the recoiling nucleus is still unstable and will likely decay 
quickly via y-emission, depositing additional recoil momen- 
tum in the target medium. The density of neighboring NRF 
states also impacts state selection. Assuming the y-tagging 
detectors are unable to resolve the peaks from neighboring 
resonances, the presence of several wide states within the en- 
velope of the y-source spectrum will increase the event rate at 
the expense of recoil energy resolution. 

Selection of a suitable y-source is paramount for the pro- 
posed measurement. This application of NRF requires the 
y-source to provide a well collimated beam of photons, of 
which a significant number are on resonance. For this rea- 
son, bremsstrahlung sources are un-usable due to their broad 
spectrum. A line source from the relaxation of a nuclear level 
would be ideal, however, identification of a usable line source 
may pose a challenge. One flexible option is a Compton- 
backscatter y-source at a free electron laser. These facilities 
are capable of providing tunable pulsed quasi-monoenergetic 
gamma-beams with energy resolution of one percent [ 18 1. 

Beam photons, resonant and nonresonant, will pass through 
the inactive and active regions of the detector. The mean free 
path of resonant photons in the target medium will be short 
due to the large cross-section for resonant absorption. It is 
therefore important to design or modify a detector in a way 
that prevents the beam from encountering the target isotope 
until reaching the active region of the detector to prevent atten- 
uation of resonant photons, like the 'space filler' in Fig.[T] The 
size of the detector's active region may be optimized by mini- 
mizing the ratio of statistical uncertainty to event rate consid- 
ering the characteristics of the y-source and detector. 

Non-resonant y's either pass through the detector or interact 
via photoelectric, Compton scatter, or pair-production. When 
one of these interactions occur, the detector response will be 
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significantly larger than those produced by the nuclear recoils 
from NRF, except in the rare case of very low-energy trans- 
fer Compton scattering. The large signals make these back- 
ground events rejectable, a task further simplified in detectors 
capable of discriminating electronic recoils from nuclear re- 
coils 0Q2D. Though the vast majority of source-related back- 
ground interactions may be easily rejected, their pileup with 
NRF events, within the response time of the detector, becomes 
an irreducible background and reduces rate of usable events. 
In addition to Pfbs> the response times of the detector are then 
important in constraining the tolerable flux from the y-source 
to maximize the rate of 'clean' NRF events. 

Following NRF, detection of the full energy deposition of a 
fluoresced y serves as the trigger for data acquisition and the 
tag of nuclear recoil energy. In order to improve y-tagging ef- 
ficiency, an array of y detectors is placed around the target de- 
tector, each placed at different fluorescence angles and there- 
fore tagging different recoil energies. The y-detectors must be 
placed outside of the shallow angles where Compton scattered 
photons are still high in energy and could produce false trig- 
gers. The angular domain available for y-detector placement 
is thus constrained by the resolution of the y detectors and the 
beam energy. The angular position of the y detectors will also 
impact the expected count rates due to the anisotropy of NRF, 
which is governed by the initial and final nuclear states as well 
as the polarization of the incident y-beam IfTSl . 

Selection of the type of y detectors is important for data col- 
lection rates as the overall y-tagging efficiency is limited by 
solid angle and full energy deposition efficiency. Key prop- 
erties for consideration are y detector material, volume, and 
response time. Only moderate energy resolution is required 
because no background process may create photons with en- 
ergy near the beam energy, E T , assuming the beam/resonance 
energy is above natural background. Nuclear Thompson, 
Delbriick, and Rayleigh scattering produce E r energy photons 
with very small probabilities, but these processes also pro- 
duce the nuclear recoil of interest and would thus add to the 
signal rate. The y detector response time should also influ- 
ence selection because pileup of background photons in the 
tagging detectors will increase the dead time in the system. 
The availability of large crystals with high density, moderate 
energy resolution, and fast scintillation times make inorganic 
scintillators strong candidates for this task. 

In some situations, measurements may be performed with- 
out y-tagging detectors. If beam-related background interac- 
tions can be rejected with high efficiency then two types of 
measurements become available. The largest non-background 
signals may be attributed to the largest nuclear recoil energy 
produced by the selected fluorescence state in an end-point 
measurement. Going one step further, the theoretical distri- 
bution of nuclear recoil energies produced by the target res- 
onance could be folded into analysis of the non-background 
signals in a similar manner to broad-spectrum neutron scat- 
ter measurements |6). High efficiency background rejec- 
tion would require detailed background characterization with 
beam on- and off-resonance in addition to selective trigger- 



TABLE II. Properties of candidate NRF states in 40 Ar 1 20 1 
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ing of the DAQ and post-processing cuts on quantities such as 
energy, position, and event shape. 

Liquid Argon (LAr) is an ideal case to consider for this 
novel application of NRF. It is the detector material used in, 
and proposed for, several dark matter and CNS searches. The 
level structure of the most abundant isotope, 40 Ar (99.6 %), is 
well documented up to 10 MeV |20|. Examination of the 40 Ar 
level structure reveals several wide 1~ levels (El transitions) 
in 40 Ar, shown in Table [n] The 4.769 MeV state is well suited 
for production of sub-keV nuclear recoils and the resonances 
above 9 MeV offer the ability to produce nuclear recoils up to 
5.3 keV. Selection between these higher energy states is based 
on ground state width and isolation. Using these criteria, the 
9.849 MeV state is preferable. Fig. [2] shows nuclear recoil 
energy vs fluorescence angle for the 4.769 and 9.849 MeV 
states. 

To illustrate the experimental feasibility of this technique 
we consider a LAr detector with a four cm diameter active 
region with a 1-cm thick inactive region, filled with PTFE 
in the beam path to prevent attenuation of the resonant pho- 
tons (shown in Fig. [TJ. Table III gives calculated interaction 
rates if a pulsed y-source producing 10 5 y/sec with a one 



10 J 



10' 



10 





4.769 MeV t**** 00 "" ' mm 






9.849 MeV i 0^ 000 ^ 






























i 




I ^ 

i * 
? ♦ 






s * 
§ * 










1 f 

s i 
s i 
f i 

5 ■ ■ 







45 



90 

e [degrees] 



135 



180 



FIG. 2. (color online) Nuclear recoil energy (£nr), Eq.[T] as a func- 
tion of fluorescence angle (9) for two candidate resonances in 40 Ar. 
The shaded region shows the angular domain available for y-tagging. 
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percent energy resolution, characteristic of the High Intensity 
Gamma-ray Source in high resolution mode (2.79 MHz spill 
frequency) |T8l, were incident on this detector. The rate of 
NRF events (R) is numerically calculated using the Doppler 
broadened resonance cross-section [ 17 1. The incident flux and 
spill frequency of the y-source are used to calculate A, the 
fraction of NRF events not lost due to pileup with background 
interactions Eq. The total trigger (T) and 'clean' trigger 
(C) rates are given by Eqs. Q and |5]) respectively. 



A = 

Vjfc=0 

T = r] y ■ R 

C = T- P FBS • A 



(3) 

(4) 
(5) 



The probability that a beam-energy photon will pass through 
the active region of the detector without interaction is g, A is 
the average number of photons expected per spill from the 
y-source (A = 10 5 y/sec x (2.79 MHz) -1 ), k is the num- 
ber of photons per spill, x is the number of spills in two 
detector response times (assumed to be 2 x 30 fis, .*. x = 
2.79 MHz x 60 fi& = 168), and the full-energy deposition y- 
tagging efficiency is r\ y . 



TABLE III. Summary of estimated event rates and parameters for 
two resonance energies (£ r ). The rate of NRF interactions in the 
target region is R and A describes the fraction of NRF events that are 
not lost due to pileup with background interactions. Trigger rates, 
total (T) and 'clean' (C), are given per y-tagging detector with full- 
energy deposition efficiency rj r at 6 = n/2. 
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Placement of y-tagging detectors at small 9 is limited by 
the possibility of Compton scattered photons producing false 
triggers. The finite size of an actual detector smears the lim- 
iting tolerable angle. Conservative placement of y-tagging 
detectors at scattering angles larger than 30 degrees prevents 
Compton-scattered photons and Bremsstrahlung from produc- 
ing false triggers. Photons elastically scattered through Nu- 



clear Thomson, Delbriick, or Rayleigh interactions by the in- 
active region of the detector can also produce false triggers. 
The differential cross-sections of these interactions at relevant 
angles (9 > 10 degrees) are small, 0(//b/sr), and thus their 
contribution is not included in this exercise. 

The estimated event rates suggest that a statistically signifi- 
cant ensemble of tagged energy nuclear recoil events could be 
collected in several hours of beam-time while operating with 
an array of y-detectors. It is therefore feasible to use NRF to 
produce nuclear recoils from 0.1-5.2 keV in LAr to character- 
ize scintillation and ionization yields. Similar measurements 
may also be possible in other materials such as Ge, LXe, and 
LNe if appropriate resonances can be identified. 
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